studies have been undertaken of species confined to narrow, linear coastal systems where past sea level and geomorphological changes may have had a profound effect on species population sizes and distributions. In this study, a phylogeographic analysis was conducted of Eucalyptus gomphocephala (tuart), a tree species restricted to a 400 × 10 km band of coastal sand-plain in south west Australia. Here, there is little known about the response of coastal vegetation to glacial/interglacial climate change, and a test was made as to whether this species was likely to have persisted widely through the Last Glacial Maximum (LGM), or conforms to a post-LGM dispersal model of recovery from few refugia. † Methods The genetic structure over the entire range of tuart was assessed using seven nuclear (21 populations; n ¼ 595) and four chloroplast (24 populations; n ¼ 238) microsatellite markers designed for eucalypt species. Correlative palaeodistribution modelling was also conducted based on five climatic variables, within two LGM models. † Key Results The chloroplast markers generated six haplotypes, which were strongly geographically structured (G ST ¼ 0 . 86 and R ST ¼ 0 . 75). Nuclear microsatellite diversity was high (overall mean H E 0 . 75) and uniformly distributed (F ST ¼ 0 . 05), with a strong pattern of isolation by distance (r 2 ¼ 0 . 362, P ¼ 0 . 001). Distribution models of E. gomphocephala during the LGM showed a wide distribution that extended at least 30 km westward from the current distribution to the palaeo-coastline. † Conclusions The chloroplast and nuclear data suggest wide persistence of E. gomphocephala during the LGM. Palaeodistribution modelling supports the conclusions drawn from genetic data and indicates a widespread westward shift of E. gomphocephala onto the exposed continental shelf during the LGM. This study highlights the importance of the inclusion of complementary, non-genetic data (information on geomorphology and palaeoclimate) to interpret phylogeographic patterns.
INTRODUCTION
For the arctic and temperate regions of the northern hemisphere, there is a consensus that post-Last Glacial Maximum (LGM) distributions of species were established via a complex mixture of migration over large distances from southern refugia, or shortrange expansion from refugia whose current locations often conflict with present knowledge of tolerance range and models of past climatic conditions (Jackson and Overpeck, 2000; Hewitt, 2004; Beheregaray, 2008) . In contrast, the impact of past climatic fluctuations in other regions and/or landscapes is less well understood (Beheregaray, 2008) . For example, there are surprisingly few studies of the effect of historical climatic shifts and the subsequent changes in sea levels on the distribution of genealogical lineages within coastal landscapes (e.g. Kadreit et al., 2005; Arafeh and Kadreit, 2006; Molins et al., 2009) . The world's coastlines are highly dynamic systems, where interactions between climate, substrate, water and wind have led to inundation, erosion, transportation and deposition of sediments, and subsequent geologically rapid changes in coastal geomorphology. These fluctuations have had significant impacts, particularly on currently vegetated, low-lying coastal dune systems. Critically, understanding the nature of these impacts can help inform on the capacity of species to respond to predicted rapid future climate change, and therefore their management and conservation (Oberle and Schaal, 2011) .
The south-west of Western Australia (SWWA) is one of 34 internationally recognized biodiversity hotspots (Myers et al., 2000; Mittermeier et al., 2004) , with a high level of diversity and endemism of animals and flowering plants (Hopper and Gioia, 2004) . In contrast to central and northern Europe and much of North America, Pleistocene glaciation in Australia was restricted to small areas of the south-east, and absent from Western Australia (Hopper and Gioia, 2004) . While currently experiencing a Mediterranean-type climate, average temperatures during the LGM were up to 6 . 5 8C cooler than at present (Hubbard, 1995) . In contrast to south-eastern Australia, modelling studies have concluded that the precipitation regimes in SWWA did not collapse during the LGM (Wyroll et al., 2000) and that winter rainfall may have been higher than today (Rojas et al., 2009) . However, there is limited evidence on the characteristics of glacial/interglacial climate change in SWWA and the response of vegetation, particularly in a coastal context. A palynological study by Pickett and Newsome (1997) suggests that coastal eucalypt woodland persisted across the LGM and may have migrated westward onto the exposed continental shelf, tracking a suitable maritime climate. Previous phylogeographic studies in the region have largely been focused on species from the semi-arid interior, and general conclusions are that the major biotic responses to climatic change involved persistence and resilience rather than large-scale migration (e.g. Byrne et al., 2002 Byrne et al., , 2003 Byrne and Hines, 2004) . Therefore, it is largely unknown to what extent these findings apply to species from more mesic, coastal areas, which also sustained constant changes to local geomorphology.
This study is located on the Swan Coastal Plain (SCP), in SWWA. The SCP is a narrow, low relief coastal strip of alluvial and aeolian sands with a north -south extent of approx. 550 km, confined by the Indian Ocean to the west and the Darling Scarp to the east (Seddon, 2004) . The geomorphology of the SCP was formed during successive changes in sea levels through the Pliocene and Quaternary, and its history is characterized by: (1) Quaternary dune building; (2) recent deposition of marine and riverine sediments; and (3) significant oceanic transgressions and regressions (Churchill, 1959; Playford et al., 1976; Semeniuk, 1997; Seddon, 2004) . Large, mobile sand dunes built during a cooler, drier and probably windier climate would have had a marked impact on the SCP (Seddon, 2004) . During the LGM, sea levels in the region were 120 m below current levels, and the SCP extended as far as 30 km westward onto the exposed continental shelf (Seddon, 2004) . Sea level rises were most pronounced at the end of the Sangamon Interglacial [approx. 120 thousand years ago (kya), 4 -6 m above current levels (Mercer, 1968) ] and the middle of the Pliocene [approx. 3 million years ago (Mya), 25 m above current levels (Raymo et al., 2011)] , where the Indian Ocean would have extended in places to the base of the Darling Scarp, approx. 20 km inland from its present position. As the SCP falls in elevation from north to south, sea level rises would have had a wider impact on low-lying areas such as the Yalgorup Plain, with multiple elevated features such as Reabold Hill (at 93 m, the highest point on the SCP) forming fragmented, offshore islands through the mid SCP during high sea levels.
Eucalyptus gomphocephala (tuart) is a model system to assess the influence of glacial/interglacial climate change, and changing sea levels and coastal geomorphology, on tree species confined to a linear, coastal system. Eucalyptus gomphocephala is endemic to calcareous soils on the SCP, on substrates of various ages. Most populations of E. gomphocephala occur on the Quindalup (nearest to the coast and the youngest formed ,12 kya) or Spearwood (intermediate and formed approx. 40 kya) dune systems of the SCP, and rarely on the non-calcareous Bassendean (most easterly and oldest and formed approx. 800 000 kya) dune system or the Guildford formation of the Pinjarra Plain . A priori it would be expected that Pleistocene climatic oscillations and changes in coastal geomorphology would have had a strong influence on the distribution of genetic diversity in the species.
We use chloroplast (Steane et al., 2005) and nuclear microsatellite markers (Brondani et al., 1998; Steane et al., 2001; Ottewell et al., 2005) , combined with palaeodistribution modelling, to better understand historical distributions of the coastal tree species E. gomphocephala, and how the climatic and geomorphological changes of the Pleistocene may have shaped patterns of genetic differentiation and diversity. Specifically, this study tested whether E. gomphocephala persisted widely during the LGM or conforms to a post-LGM dispersal model of recovery from few refugia. We then interpreted these data in the context of historical responses to climate change, and how this informs conservation implications for future climate change.
MATERIALS AND METHODS

Study species
Eucalyptus gomphocephala is a medium to tall tree, endemic to the SCP, which is distributed along a narrow coastal strip (extending inland up to 10 km) (Fig. 1 ). Prior to European settlement in 1829, there were .111 600 ha (Hopkins et al., 1996) of E. gomphocephala woodlands, but now only approx. 30 000 ha remain (Tuart Response Group, 2003) . Eucalyptus gomphocephala generally shows little morphological variation ; however, it takes the form of a smaller tree or mallee in some northern and southern near-coastal populations (Ruthrof et al., 2002) . A previous genetic study of E. gomphocephala examined allozyme variation for seven populations, and found generally low genetic differentiation (G ST ¼ 0 . 11) and similar levels of genetic diversity within each of the seven populations studied .
The mating system of E. gomphocephala is predominantly outcrossing, although the rate of outcrossing varies from complete selfing to complete outcrossing within and among populations and families, with an overall mean outcrossing rate of approx. 0 . 7 Bradbury and Krauss, 2013) . Pollination is primarily performed by non-specific insects; however, bird and mammal pollination are also expected (Ruthrof et al., 2002) . While wind pollination is often discounted in eucalypts, airborne pollen of E. calophylla and E. marginata has been caught in traps 20 km off the coast of mainland Western Australia on Rottnest Island (Speck, 1953) , where these species do not occur. Chloroplast DNA (cpDNA) is maternally inherited in most angiosperms, including eucalypts (Byrne et al., 1993; McKinnon et al., 2001) , and thus is dispersed only by seed. Seed of eucalypts is dispersed primarily by gravity, which is largely within distances of two tree heights (Cremer, 1977) , although secondary long-distance dispersal of seed-bearing fruit is possible by large birds such as Red-tailed Black Cockatoos (Calyptorhynchus banksii) and Carnaby's Black Cockatoo (C. latirostris).
Sampling
Leaf material was collected from 10-30 mature trees at each of 26 populations representing the entire geographic distribution of E. gomphocephala (Fig. 1A) (location co-ordinates Table 2 ). Samples from 21 of these populations were genotyped in the nuclear microsatellite study and from 24 in the chloroplast microsatellite study. The north -south extent of sampling was 350 km and included small, disjunct populations that are found in the northern part of the species range. The dune systems on which populations are located (Table 2) were identified by reference were screened against seven E. gomphocephala individuals, selected from across the species range, using the polymerase chain reaction (PCR) protocol described in Steane et al. (2005) . From the initial ten primer pairs, all but two (EMCRC62cp and EMCRC86cp) produced strong and reproducible amplification profiles. Of the remaining eight primers, EMCRC74cp, EMCRC84cp and EMCRC90cp were monomorphic and, therefore, not included in this study. Multiplex PCR was performed using EMCRC59cp, EMCRC60cp, EMCRC65cp, EMCRC67cp and EMCRC85cp primer pairs and the QIAGEN PCR Multiplex Kit (QIAGEN, Hilden, Germany) in 12 . 5 mL reactions as follows: 1× Multiplex PCR Master Mix, 2 mM each primer, dH 2 O and 20 ng of DNA. Forward primers were labelled with D2, D3, D4 WELLRED (Sigma Aldrich, Castle Hill, Australia) fluorescent dyes. The multiplex PCR followed the manufacturer's protocol and the following profile was used: an initial denaturation for 5 min at 95 8C; 28 cycles of 30 s at 95 8C, 1 min 30 s at an annealing temperature of 55 8C, and an extension of 30 s at 72 8C; with a final extension of 30 min at 60 8C. The PCR products were diluted 1:40 in deionized formamide and separated by electrophoresis using a CEQ8800 (Beckman-Coulter, Fullerton, CA, USA). Fragment analysis and sizing was performed using CEQ8800 Genetic Analysis System software version 9 . 0 . 25 (Beckman-Coulter). We genotyped 237 individuals from 24 populations (mean n ¼ 10).
Chloroplast microsatellite allele sequencing. Each unique allele was sequenced to confirm that size variants occurred in the simple sequence repeat (SSR), and to rule out the presence of mutations in the flanking regions. Genomic DNA was amplified using the above protocols in a 50 mL total volume. The products were run on a 1 % agarose gel and visualized under UV light. The PCR products were purified prior to sequencing using a QIAquick PCR Purification Kit (QIAGEN), following the manufacturer's instructions. Sequencing reactions were performed with forward and reverse primers in 10 mL volumes, using the ABI Big-dye V3 . 1 Ready-Reaction Kit (Applied Biosystems, Foster City, CA, USA), following the manufacturer's instructions. Labelled sequence fragments were separated and detected using a 3730XL DNA Analyser (Applied Biosystems) at AGRF (Perth Node). Sequences were edited and aligned using Codon Code Aligner (CodonCode Corp., Centerville, MA, USA) and checked by eye for mutations in the microsatellite repeat and flanking regions.
Nuclear microsatellite genotyping. Nineteen nuclear microsatellite markers developed for eucalypt species by Steane et al (2001) (EMCRC 1a, EMCRC2, EMCRC3, EMCRC4, EMCR C5, EMCRC6), Brondani et al (1998) (EMBRA1, EMBRA2, EMBRA3, EMBRA4, EMBRA5, EMBRA6, EMBRA7, EMBRA9, EMBRA10 and EMBRA18) and Ottewell et al. (2005) (EL07, EL13 and EL16), were screened for product amplification and polymorphism. Seven loci (Table 1) produced reproducible, scorable and polymorphic products, and were used to obtain measures of nuclear genetic diversity and genetic differentiation in E. gomphocephala. Multiplex PCR was performed using the QIAGEN PCR Multiplex Kit (QIAGEN) in 12 . 5 mL reactions as follows: 1× Multiplex PCR Master Mix, 0 . 5× Q solution, 0 . 2 mM each primer, dH 2 O and 5 -30 ng of DNA. Forward primers were labelled with D2, D3, D4 WellRED (Sigma Aldrich) fluorescent dyes. The multiplex PCR followed the manufacturer's protocol with some modifications, and the following profile was used: an initial denaturation for 15 min at 95 8C; 30 cycles of 30 s at 94 8C, 1 min 30 s at an annealing temperature of 55 8C, and an extension of 60 s at 72 8C; with a final extension of 10 min at 72 8C. The PCR products were diluted 1:40 in deionized formamide and separated by electrophoresis using a CEQ8800 (Beckman-Coulter). Fragment analysis and sizing was performed using CEQ8800 Genetic Analysis System software version 9 . 0 . 25 (Beckman-Coulter). We genotyped 595 individuals from 21 populations (mean n ¼ 28).
Data analysis
Chloroplast microsatellites. A haplotype can be defined as a distinct combination of alleles for a set of chloroplast loci. The haplotype composition and number of haplotypes were calculated for each population. Alleles at microsatellite loci can be analysed as unordered where comparisons do not account for variation in allele size, and as ordered where the assumed number of mutational steps between alleles provides additional information. Mean within-population genetic diversity, species total genetic diversity and population differentiation were calculated, treating alleles as unordered (h S , h T and G ST ) and ordered (v S , v T and R ST ) following the method of Pons and Petit (1996) using PERMUT. The differentiation statistics G ST and R ST were compared: R ST . G ST means that more closely related haplotypes occur in the same population, indicating phylogeographic structure (Pons and Petit, 1996) . The geographic distributions of chloroplast haplotypes were mapped and a haplotype tree showing the number of base pair differences between haplotypes was calculated in Network 4 . 6 . 0 . 0 (available at http://www.fluxus-engineering.com/sharepub.htm#a10) using the median-joining network algorithm (Bandelt et al., 1999) . The relative influences of seed-and pollen-mediated gene flow can be estimated using inbreeding statistics calculated from chloroplast and nuclear markers in the following equation (eqn 5a of Ennos, 1994) :
Nuclear microsatellites
Nuclear genetic diversity. The genetic diversity of 595 individuals of E. gomphocephala was analysed at seven microsatellite loci using GenAlEx version 6 . 41 (Peakall and Smouse, 2006 ) (available at: http://biology.anu.edu.au/GenAlEx/Welcome. html). The total number of alleles (A), number of private alleles (S), and observed and expected heterozygosity (H O and H E ) were calculated and averaged for each locus and population. Alleles were deemed private if they occurred in one population and did not occur in any other population (Slatkin, 1985 ). Wright's fixation index (F ) (Wright, 1931) was also calculated for each population. Deviation from Hardy -Weinberg equilibrium and linkage disequilibrium between loci in each pair of populations (with Bonferroni correction) was tested using GENEPOP 4 . 1 (Raymond and Rousset, 1995) (available at http://kimura.univ-montp2.fr/ rousset/Genepop.htm). Allelic richness (A R ) was calculated for each population using FSTAT 2 . 9 . 3 . 2 (Goudet, 2002 ) (available at http://www2.unil.ch/ popgen/softwares/fstat.htm). Estimates were adjusted for variation in sample size using the rarefaction method of El Mousadik and Petit (1996) . BOTTLENECK version 1 . 2 . 02 (Cornuet and Luikart, 1997 ) (available at http://www.ensam.inra.fr/URLB/bottleneck/ bottleneck.html) was used to test for evidence of a genetic bottleneck (recent reduction in effective population size) in each population. Of the three available tests, the Wilcoxon signrank test was applied, because (1) the sign test has low statistical power; and (2) the standardized differences test requires data from ≥20 loci (Cornuet and Luikart, 1997) . We used the twophase mutation model (TPM), which is intermediate between the stepwise mutation model (SMM) and the infinite allele model (IAM), because few microsatellite loci follow the strict (one-step) SMM (Di Rienzo et al., 1994) . We ran the TPM simulation as 90 % one-step mutations and 10 % multistep changes.
Geographic structuring of nuclear genetic variation. The significance of the relationship between Nei's (1972) genetic distance and geographical distance between populations was tested using the Mantel procedure (Mantel, 1967) with 1000 permutations of the correlation coefficient r in GenAlEx 6 . 41 (Peakall and Smouse, 2006) . Analysis of molecular variance (AMOVA) was performed to partition total genetic variation into within-and among-population components using GenAlEx 6 . 41 (Peakall and Smouse, 2006) . The significance of the AMOVA was assessed with 1000 permutations of the data. Significant differentiation between all populations was determined by obtaining population pairwise F ST values using FSTAT version 2 . 9 . 3 . 2 (Goudet, 2002) with P-values determined by 4200 (20× number of comparisons) random permutations. Within FSTAT, the significance of each P-value was assessed using the log-likelihood statistic G, and Bonferroni correction was applied for multiple testing. Relationships between populations were visualized with an unweighted pair group method with arithmetic mean (UPGMA) dendrogram, based on Nei's (1972) genetic distance using GDA version 1 . 1 (Lewis and Zaykin, 2001) .
Spatial genetic structure was further examined using the Bayesian clustering approach STRUCTURE 2 . 0 (Pritchard et al., 2000; Falush et al., 2003 ) (available at: http:// pritch.bsd.uchicago.edu/software). STRUCTURE assigns individuals probabilistically to user-defined K populations so as to achieve Hardy -Weinberg and linkage disequilibrium within populations. STRUCTURE was run using the LOCPRIOR model as a sub-set of the admixture model, and assuming correlated allele frequencies. The LOCPRIOR model has the ability to use the sampling location information to assist clustering, and is recommended when the signal of structuring in data sets is too weak to be detected by the standard STRUCTURE models (as suggested by preliminary runs that showed poor assignment proportions in some populations) (Hubisz et al., 2009 ). STRUCTURE was run with 100 000 Markov chain Monte Carlo iterations after a burn-in period of 100 000 iterations and modelled with K ¼ 1 -21, with ten iterations of each K (Gilbert et al., 2012) . Structure Harvester (Earl and vonHoldt, 2012 ) (available at http://users.soe.ucsc.edu/~dearl/software/ struct_harvest/) was used to infer an optimal K based on the method of Evanno et al. (2005) and observing the slope of the plot of lnP(K ). We also ran STRUCTURE excluding the DO (Doman Road) population using the same parameters, as the evidence for a genetic bottleneck in this population (see the Results) may bias the result.
Dune genetic diversity and structure. We examined whether nuclear genetic diversity and structure were significantly different in populations growing on younger Holocene Quindalup dune substrates compared with populations growing on older Pleistocene Spearwood dune substrates. This scenario is expected if the populations on Quindalup dunes have experienced founder effects due to recent colonization. We excluded the populations DO and BP, because they occurred on neither dune system, or occurred at a complex junction of both dune systems. Populations were allocated to one of two 'dune system' groups -Quindalup (Q) or Spearwood (S) ( Table 2) . First, mean A R (using a rarefaction procedure to account for differing sample sizes), H O , H E , fixation index (F IS ) and F ST were calculated for each group. The significance of the difference between groups was determined by 1000 random permutations (randomly allocating each population to each group) and P-values were taken as the proportion of randomized data sets where the difference between the groups was greater than the observed data set. Group analyses were performed using FSTAT version 2 . 9 . 3 . 2 (Goudet, 2002) . We also assessed whether chloroplast diversity and structure differ among the two dune systems by calculating mean within-population genetic diversity, total genetic diversity and population differentiation treating alleles as unordered (h S , h T and G ST ) and ordered (v S , v T and R ST ) (Pons and Petit, 1996) . Finally, we also compared chloroplast haplotype richness (H R ) with ADZE, version 1 . 0 (Szpiech et al., 2008) using a rarefaction procedure to account for differing sample sizes. Differences in chloroplast diversity and structure values were tested using t-tests.
Palaeodistribution modelling
Modelling present species distributions. Presence data for E. gomphocephala were sourced from the Atlas of Living Australia (http://www.ala.org.au). Exclusion of dubious species records resulted in 251 viable records for E. gomphocephala. Modelling of the present range of the species was undertaken using the maximum entropy algorithm implemented in Maxent version 3 . 3 . 3a (Phillips et al., 2006) . The default parameter settings were used (maximum number of background points 10 000; regularization multiplier 1; auto features; maximum iterations 500; convergence threshold 0 . 00001; and duplicate records deleted) as suggested by Phillips and Dudík (2008) . Logistic output was chosen, ranging from zero at the lowest likelihood of presence to one, the strongest prediction for presence (Phillips, 2008) . Modern climate variables were obtained from the Worldclim database (Hijmans et al., 2005) at the 30 arc-s resolution. In preliminary investigations, models using all 19 bioclimatic variables produced the most accurate predictions of the modern range, but suffered from overfitting (Beaumont et al., 2007) when projecting n, number of individuals sampled per population; A T , total number of alleles observed across all loci; A R , allelic richness; S, total number of private alleles observed; H O , observed heterozygosity; H E , expected heterozygosity; F, fixation index; Bottleneck: '-', no evidence of bottleneck under TPM, two-tailed P-values of significant excess of gene diversity under the TPM; H, the haplotypes found in a population; numbers in parentheses indicate the number of genotyped individuals in a population with a particular haplotype; NUC, nuclear data only.
*Population with chloroplast data only. The dune systems on which populations are located are indicated by the following codes in parentheses: Q, Quindalup; S, Spearwood; and G, Guilderton formation.
onto LGM climates. To reduce the likelihood of overfitting, the data were restricted based upon variables known to be important for the distribution of temperate plants in general (Katz, 2002; Svenning et al., 2011) and based upon their representative importance in the preliminary model. The constrained model consisted of two temperature variables (temperature seasonality and annual temperature range), and three precipitation variables ( precipitation seasonality, precipitation of the warmest quarter and precipitation of the coldest quarter).
Palaeodistribution modelling. To model the palaeodistribution of E. gomphocephala, we projected models of climatic niche based on species' current ranges onto two different global circulation models (GCMs) for the LGM: CCSM3 . 0 (Community Climate System Model 3 . 0; Collins et al., 2006) and MIROC 240 3 . 2 (Model for Interdisciplinary Research on Climate 3 . 2; Hasumi and Emori, 2004) , both available from the Worldclim database in 2 . 5 arc-min resolution. The two GCMs varied considerably in the predicted temperature and rainfall depression for SWWA during the LGM.
Choosing thresholds. Although there is no consensus in the literature on the optimal approach, it is generally accepted that thresholds are required to convert the logistic values output by SDMs into presence and absence data. We applied the tenth percentile training presence (10 %), which underpredicts the known range so that the 10 % most extreme presence observations are predicted as being absent. Predictions based on this threshold can be considered to represent the 'core of the species present range', which excludes ephemeral populations, or populations in unusual microclimatic conditions within a cell (MoruetaHolme et al., 2010).
RESULTS
Chloroplast microsatellites
Chloroplast microsatellite diversity. In four of the five loci, sequencing revealed that fragment length differences were the result of variation in microsatellite regions. Primer EMCRC85 contained a multistate indel and variation at multiple, distinct, microsatellite regions, and was thus excluded from analyses. The remaining four primers, EMCRC59cp, EMCRC60cp, EMCRC65cp and EMCRC67cp, produced three, two, three and three alleles, respectively, giving a total of 11 different alleles. Several of the alleles differed by 1 bp; however, with the inclusion of size standards, there was generally no difficulty in differentiating between these alleles. Wherever allele scores were ambiguous, samples were re-amplified (between 1 and 5 % of PCRs). If allele scoring remained ambiguous after re-amplification (,1 % of reactions), the samples were excluded from the study. The 11 different alleles produced a total of six haplotypes (Supplementary Data Table S1 ). Haplotype frequencies varied considerably, with the most common haplotype, F, being present in 39 % of individuals, while haplotype E accounted for only 4 . 2 % of individuals.
Haplotype relationships. The statistical parsimony tree showed that most haplotypes were connected to only one other haplotype, with the exception of haplotypes D and A which were internal to the network and each connected to three other haplotypes (Fig. 1B) . In general, there was only a 1 or 2 bp difference between haplotypes; however, haplotype C was separated by 5 bp from the next closest haplotype.
Geographic distribution of haplotypes. The six haplotypes found in E. gomphocephala showed geographic structure and generally occupied specific regions throughout the species range (Fig. 1A) . Overall, one private haplotype was found, in the most southerly population of Ludlow (LD, haplotype E). Haplotype A was unique to the two disjunct, most northerly populations (SB and NB), and fixed in all sampled individuals. Haplotype B was found in the northern populations WI and SBR. In populations at the centre and mid north of the species range, two haplotypes were identified in each population (combinations of haplotypes B, C, D and F), whereas all populations located on and immediately south, north and east of the Yalgorup Plain ( populations TS, TT, S10, QU, PR, OC, LE, DO and DE; n ¼ 100) were fixed for haplotype F. Haplotype D was the most geographically widespread of the haplotypes (Fig. 1A) . The most divergent haplotype (haplotype C) was found in several populations at the centre and mid north of the species range ( populations BT, MRG, YA, NE, BP and WP), and commonly in association with haplotype D (Fig. 1A) . Overall, there was low within-population diversity (h S ¼ 0 . 11, v S ¼ 0 . 20), high total diversity (h T ¼ 0 . 77, v T ¼ 0 . 77) and strong differentiation among populations (G ST ¼ 0 . 86, R ST ¼ 0 . 75). A test for phylogeographic structure showed no significant difference between G ST and R ST (P ¼ 0 . 05). This indicates that, generally, across the range of E. gomphocephala, 'related' (via stepwise mutation) haplotypes are no more likely than 'unrelated' haplotypes to be found together at a locality. Using the G ST and F IS values derived from the chloroplast and nuclear microsatellite data, we calculated that the ratio of pollen-mediated to seed-mediated gene flow was 200:1. This suggests that gene flow in E. gomphocephala is affected predominantly by pollen.
Nuclear microsatellites
Nuclear microsatellite diversity within populations. All seven loci were highly variable, with the number of alleles detected per locus ranging from eight to 27 (mean 15; Table 1 ). Gene diversities were high (H E ranging from 0 . 51 to 0 . 84; overall mean H E 0 . 75; see Table 1 ). F ST values were positive for all loci (0 . 05-0 . 09) and there was strong variation in F IS for all loci (Table 1) . After applying the Bonferroni correction, tests of Hardy -Weinberg deviation and linkage disequilibrium were not significant. However, EMBRA5 showed significant heterozygote deficit in SB, and EMCRC2 showed significant heterozygote deficit in GD, PG, TT, S10, PR, LE and LD.
With the exception of the eastern outlier DO population, within-population genetic diversity was very similar across all populations assessed (Table 2 ). The total number of alleles (mean A T 59), A R (mean A R 7 . 58) and H E (mean H E 0 . 75) per population were lowest at DO (Table 2 ). In nearly all populations, H O was lower than H E (Table 2) . Hence, small positive F-values (Wrights fixation index) were found in most populations. Private alleles were found at five out of 21 populations (SB, NE, BP, TT and PR), and there was no apparent geographic pattern in their distribution. The DO population was the only population to show significant evidence of genetic bottlenecks. Table S2 ). An AMOVA of hierarchical genetic diversity revealed that of the total genetic variation, a significant (P , 0 . 01) amount (5 %) was partitioned among populations (Supplementary Data Table S3 ). Overall, there was significant isolation by distance, with a positive relationship found between genetic differentiation and geographical distance (r 2 ¼ 0 . 362, P ¼ 0 . 001). The pattern of branching on the UPGMA very closely reflected the geographic location of populations (with the exception of the positions of DO and GD; Fig. 1C ). The STRUCTURE analysis identified K ¼ 2 as the optimal number of groups (Fig. 2) . The same result was achieved whether the DO population was included or excluded from analyses. Individuals from the north (SB to MRG, with the exception of BT) and south (TT to LD) of the species range were strongly allocated to their respective genetic groups, while substantial admixture was found for geographically intermediate populations (YA to WP).
Dune diversity and structure. Nuclear genetic diversity and differentiation parameters were not significantly different among the two dune systems (Table 3 ). There were also no significant differences in chloroplast genetic diversity and structure between the two dune systems (Table 3) .
Palaeodistribution modelling
The modelled range of E. gomphocephala for present climates encompassed the known extent of occurrence of E. gomphocephala, but overpredicted 172 % of the estimated extent of E. gomphocephala. The 10 % threshold made predictions outside the known distribution in some areas, extending the potential distribution north along the coast to the southern reaches of Shark Bay, and also expanding the distribution throughout the lower south-west. Although the predicted LGM distributions differed slightly between the GCM models, both models suggest that E. gomphocephala had a widespread distribution during the LGM (Fig. 3) . Both model scenarios strongly predicted that E. gomphocephala extended west of the present coastline, and as far north as present Shark Bay. However, CCSM predicted poor suitability from PG to north of the current distribution of E. gomphocephala.
DISCUSSION
Molecular evidence for a widespread geographic distribution during the LGM Coastal ecosystems will be strongly impacted by anthropogenicinduced climate change, with sea level rises likely to cause the salinization of wetlands, inundation of low-lying areas and fragmentation of landscapes. Nevertheless, there are surprisingly few examples of phylogeographic studies of coastal plant species. In our study, the general nature and extent of the geographic distribution of microsatellite variation for chloroplast and nuclear DNA suggest that the SCP endemic tree E. gomphocephala has persisted at multiple locations across a widespread distribution during the climatic extremes of the LGM. The significant genetic structure and equivalent levels of within-population genetic variation for nuclear microsatellites, and the high total diversity and generally high level of differentiation among populations at these chloroplast markers also do not support a scenario of range-wide expansion from one or a few refugia after the LGM. Palaeodistribution modelling corroborates the genetic evidence for a widespread geographic distribution of the species during the LGM, with suitable climate predicted hundreds of kilometres north and south of its current distribution. The palaeodistribution of tuart would have been ultimately limited within this climatic envelope by substrate (sandy coastal plain) and sea level influenced by topography. The slow mutation rate of chloroplast microsatellite regions (between 3 . 2 × 10 25 and 7 . 9 × 10 25 ) (Provan et al., 1999 (Provan et al., , 2001 suggests that differences observed between haplotypes are unlikely to have arisen since the last glacial period. However, shallow divergences between haplotypes (generally 1 -4 bp) suggest that past sea transgressions did not produce deep vicariance signatures. Nuclear and chloroplast patterns generally coincided, although there is a strong disparity between levels of chloroplast (G ST ¼ 0 . 86) and nuclear differentiation (F ST ¼ 0 . 05) (ratio of pollen to seed gene flow approx. 200). This is consistent with studies of other eucalypt species (e.g. Wheeler and Byrne, 2006) and can be explained by the different dispersal distances of pollen and seeds, and modes of inheritance and mutation rates of the two genomes.
Our data are consistent with general conclusions drawn from studies of chloroplast and/or nuclear variation in eucalypt species in south-western (Byrne and Macdonald, 2000; Byrne and Hines, 2004; Wheeler and Byrne, 2006; Byrne and Hopper, 2008) and south-eastern Australia (Steane et al., 1998; Jackson et al., 1999; Freeman et al., 2001; Nevill et al., 2010; Bloomfield et al., 2011) , which demonstrate that geographic stasis, and/or complex patterns of short-range expansion and contraction were typical responses of taxa to climatic conditions during the LGM in Australia. This is in strong contrast to the general response (but not always) of arctic and temperate northern hemisphere tree species impacted by glaciations, where relatively simple, large-scale, northwards range expansion movements following restriction to one or a few southern refugia during the LGM are apparent (Hewitt, 2000 (Hewitt, , 2004 Beheregaray, 2008) .
While persistence over a broad geographic range is suggested by the data, persistence does not appear to have been uniform or continuous, and some areas may have been more impacted by past climate or geomorphologic changes than others. For example, we found the fixation of a single common haplotype (F) in all sampled individuals over a 100 km range from the Yalgorup region (Fig. 1C) . This is in contrast to the patchy distribution of distinct haplotypes found across most of the species range. Chloroplast haplotype fixation over a number of geographically proximate populations is indicative of either a genetic bottleneck arising from relatively recent (re-) colonization of an area, or in situ persistence and a severe reduction in population size (Hewitt, 1996) . The stratigraphical sequence suggests relatively dramatic coastal change on the Yalgorup Plain associated with rising and falling Holocene sea
LGM CCSM 0·0-0·1  0·1-0·2  0·2-0·3  0·3-0·4  0·4-0·5  0·5-0·6  0·6-0·7  0·7-0·9 LGM MIROC 0·0-0·1  0·2-0·3  0·3-0·4  0·4-0·5  0·5-0·6  0·6-0·7  0·7-0·8  0·8- levels (Semeniuk, 1995) and where many of the current sites occupied by E. gomphocephala are at ,10 m above current sea levels. Similar cpDNA patterns and inferred bottleneck events have been identified in other eucalypt studies (e.g. Byrne and Macdonald, 2000; Freeman et al., 2001; Nevill et al., 2010) , and in many northern hemisphere species No evidence of genetic bottlenecks at nuclear markers was found in the Yalgorup Plain populations (Table 2) ; however, empirical tests of bottleneck detection at nuclear markers have been equivocal (Williamson-Natesan, 2005; Marshall et al., 2009; Hundertmark and Van Daele, 2010) . Also, a nuclear DNA bottleneck is not necessarily expected, not only for technical reasons and because it is dependent on many demographic factors, but cpDNA diversity could also be more limited because of recurrent patterns of contraction throughout the Quaternary, rather than a single LGM event.
The genetic data suggest that populations located at the centre of the species range (from WP in the south to YA in the north) are composed of admixed genotypes from distinct gene pools. In these populations, haplotype C (only found in the north and centre of the species range) is commonly associated with haplotype D ( predominantly found in the south and centre of the species range). The haplotype network indicates that these haplotypes were not directly derived from each other, or closely related. The co-occurrence of genetically distinct haplotypes is good evidence for convergence of two independently evolved lineages at a suture zone (Remington, 1968; Hewitt, 1996) . Alternatively, haplotype C may have been acquired from another species through hybridization and introgression. Interspecific hybridization is common in eucalypts, with numerous studies suggesting that reticulate evolution is likely to have played an important role in the evolution of the genus (Steane et al., 1998; Jackson et al., 1999; McKinnon et al., 1999 McKinnon et al., , 2001 McKinnon et al., , 2004 Pollock et al., 2013) . Admixture in this region is further supported by the nuclear data, where the STRUCTURE analysis shows distinct northern and southern groups, with a cline of relative membership at the centre of the species range. Palaeodistribution modelling supports (but not conclusively) that some of the area where admixed genotypes occur was less suitable for E. gomphocephala during the LGM, requiring (re-) colonization since the LGM (Fig. 3) . While recognizing that other explanations are possible, the palaeodistribution modelling does provide independent support for the hypothesis of a historical separation between northern and southern distributions.
Comparison of genetic patterns on Quindalup and Spearwood dune systems
We found similar levels of genetic diversity and differentiation at both chloroplast and nuclear microsatellites for populations on the Holocene formed Quindalup and older Quaternary Spearwood dune systems (Table 3) . Population genetic diversity at colonized locations relative to sites where there has been longer persistence depends on a number of factors (reviewed in Pannell and Dorken, 2006) including: (1) the number of founders that arrive at a site prior to the original colonizers reaching reproductive maturity and fully occupying the habitat (Austerlitz et al., 2000) ; (2) colonization of an area from multiple, genetically distinct refugia (Zaneto and Kremer, 1995; Hewitt, 1996) ; and (3) hybridization with co-colonizing species. First, E. gomphocephala does not produce appreciable seed crops until approx. 10 years of age (Ruthrof et al., 2002) , and there may have been multiple cycles of regeneration, accompanied by invasion, by increasing numbers of founders before sites were fully occupied by the species. Secondly, colonization from multiple, genetically distinct refugia appears unlikely given that most populations located on Quindalup dunes contained the same haplotypes as populations located on adjacent Spearwood dunes. Thirdly, across its range, E. gomphocephala is sympatric with nine other eucalypt species, and hybridization has been recorded between E. gomphocephala and three of these (E. decipiens, E. cornuta and E. rudis) . Therefore, the opportunity for hybridization with co-colonizing species is likely to have been present. A final explanation is extensive pollen-mediated gene flow both during and after colonization. Pollen-mediated gene flow in eucalypts is facilitated by insects, birds and small mammals, and, although its distribution is typically leptokurtic, extensive long-distance pollen flow events over many kilometres have been recorded in related species (Skabo et al., 1998; Mimura et al., 2009) . These longdistance dispersal events would lead to the homogenization of the nuclear gene pool, which is reflected in the low overall and pairwise F ST results.
Factors that have contributed to the persistence of E. gomphocephala A maritime climate and/or short-range habitat tracking are likely to have been important factors in the wide persistence of tuart during the LGM. The Leeuwin Current along the western Australian coast is a major influence on the climate of coastal regions, and evidence of its continued presence, even during glacial periods (Spooner et al., 2010) , supports conclusions of a relatively subdued local climate impact during the LGM (e.g. Wyroll et al., 2000; Rojas et al., 2009) . Similarly benign palaeoenvironmental inferences are drawn for other Mediterraneantype climatic regions, where species diversity is also high. For example, palynological and phylogeographic studies from the south-west Cape of southern Africa show surprisingly little change in vegetation communities during the LGM, despite climatic and environmental dynamism elsewhere (Meadows and Sugden, 1993: Linder et al., 2003) . Secondly, the lowering of sea levels during the LGM led to an expansion of the SCP 30 km onto the exposed continental shelf and may have provided the opportunity, at least, for E. gomphocephala to track a suitable maritime climate. Picket and Newsome (1997) found strong evidence that vegetation zones on the SCP shifted westwards during the LGM, and suggested that a combination of soil type, depth to groundwater, topography, reduced continentality and the buffering effect of the sea on precipitation and temperature may have provided a suitable habitat for eucalypt woodland species on the expanding coastal plain. This is supported by our palaeodistribution modelling, with both scenarios showing strong evidence for occurrence of E. gomphocephala westward of the current coastline during the LGM.
Conclusions
This study provides a surprisingly rare example of the response of a coastal species to historical climate change and highlights the importance of other data (in this case geomorphology and palaeodistribution modelling) in the interpretation of phylogeographic patterns. As this is the first phylogeographic study of an endemic SCP plant species, studies of chloroplast variation in co-distributed species are required in order to identify if congruent patterns of the geographical distribution of genetic variation exist. A common response to Pleistocene climate fluctuations ultimately informs on the resilience of these diverse plant communities to future climate change. Biodiversity conservation has been traditionally based on maps of species distributions (Margules and Pressey, 2000) , but there is increasing understanding of the dynamic nature of biodiversity, and the need to preserve ecological and evolutionary processes (Klein et al., 2009 ). Short-range habitat tracking onto the exposed continental shelf during the LGM demonstrates a capacity in E. gomphocephala to respond to, and persist through, changing climates. However, habitat fragmentation associated with urbanization may prove to be the key factor in increasing extinction risk by reducing the capacity to disperse. Ultimately, an understanding of the capacity for resilience that is harboured within population genetic variation may be critical for conservation in landscapes within which the potential for migration is negatively impacted.
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